Although diatoms have been extensively studied as bioreactors, only a limited number of efficient gene promoters are available. Therefore, the development of new endogenous promoters is important for the heterologous production of a variety of recombinant proteins. Herein, we identified the most abundant secreted protein in Phaeodactylum tricornutum, designated 'highly abundant secreted protein 1' (HASP1), and characterised the activities of its promoter and signal peptide using green fluorescent protein (GFP) as a reporter. The HASP1 promoter strongly drove GFP expression during all growth phases of P. tricornutum in culture, in contrast to the commonly used fcpA promoter, which is less active during the stationary phase. The HASP1 signal peptide was also sufficient for facilitating efficient secretion of GFP by P. tricornutum. Our findings suggest that both the promoter and the signal peptide of HASP1 can be utilized as novel tools for the overexpression and secretion of recombinant proteins in P. tricornutum.
such as the heterologous expression of human antibodies 12 . However, the disadvantage of the nitrate reductase promoter is that it requires an exogenous nitrogen source to induce downstream gene expression. Recently, other endogenous promoters such as V-ATPase C and Pt211 have been identified as strong promoters 22, 23 . On the other hand, heterologous promoters, such as the CIP1 promoter of the putative replication-associated protein gene from the Chaetoceros lorenzianus-infecting DNA virus, are less active than the diatom endogenous gene promoter 19, 24 .
The secretion of recombinant proteins into the culture medium is a powerful and cost-efficient platform for producing pharmaceutically important proteins because the steps needed to purify secreted recombinant proteins are less complicated than the steps needed for the purification of intracellular proteins. Endogenous signal peptides from the ARS1 and gametolysin proteins have been used to promote secretion of recombinant proteins into the culture medium in Chlamydomonas reinhardtii 25, 26 . A human IgG antibody without an endoplasmic reticulum retention signal has also been shown to be efficiently secreted into the culture medium of P. tricornutum 27 . Despite their great advantages, protein secretion pathways have been rarely investigated in P. tricornutum.
In this study, we performed a secreted proteome profile study of P. tricornutum using liquid chromatography tandem mass spectrometry (LC-MS/MS) to examine the secreted proteins present in the culture medium. We first identified several hundred proteins that are secreted at high levels into the extracellular space in the stationary phase and designated these as HASPs (highly abundant secreted proteins) for further analysis. Among these, we found that the HASP1 protein was the most abundant protein in the culture medium. In order to develop a novel expression system for producing secreted recombinant proteins in P. tricornutum, we characterised promoter and its signal peptide using green fluorescent protein (GFP) as a reporter. The HASP1 promoter strongly drove GFP expression, especially in the stationary phase of P. tricornutum culture, to a much higher level than that of the fcpA promoter. The signal peptide of the HASP1 protein was sufficient to result in GFP secretion into the culture medium of P. tricornutum. Taken together, our findings provide evidence that the endogenous HASP1 promoter is a novel strong promoter that can be used as a suitable tool for overexpressing recombinant proteins in P. tricornutum.
Results and Discussion

Identification of highly abundant secreted proteins in stationary phase cultures of P. tricornutum.
The abundantly secreted proteins in the stationary phase culture medium of P. tricornutum were resolved by SDS-PAGE and visualised by staining with colloidal Coomassie blue ( Fig. 1a ). LC-MS/MS analysis of the most abundant secreted proteins identified a total of 468 proteins. The five highest secreted proteins, whose relative abundance in the culture medium was compared based on their spectral counts in LC-MS/MS analysis, are shown in Fig. 1b . Among these, we found that the most abundantly secreted protein was PHATRDRAFT_47612 (NCBI accession number: XM_002181840.1), identified through database searching with a 44% sequence coverage; we have designated this protein as HASP1 (highly abundant secreted protein 1; consists of 793 amino acids; Fig. 1c,d ). The HASP1 protein contains a phytase-like domain in the C-terminal region and therefore belongs to the phytase superfamily. The fourth most abundant protein (PHATRDRAFT_54681) was annotated via homology as the enzyme endo-1,3-beta-glucanase which is involved in carbohydrate metabolism 28 . In addition, the fifth most abundant protein (PHATRDRAFT_49678) encodes an alkaline phosphatase, whose activity has been experimentally proven 29 . The protein levels of HASP1 were drastically higher than those of any of the other protein in the culture medium. Therefore, we selected the HASP1 protein for further analysis and isolated its potential promoter region and putative signal peptide ( Fig. 2a,b ) to test their effects on the production and secretion of recombinant proteins in P. tricornutum. The fcpA promoter, a widely used promoter in P. tricornutum, was used as a control 30 .
Isolation of the potential promoter and the putative signal peptide of the HASP1 gene. The HASP1 gene is located on chromosome 14 of the P. tricornutum genome 31 . The intergenic region between HASP1 and the upstream Phatrdraft_52260 gene was 3,534 bp long, extending from after the stop codon of Phatrdraft_52260 to before the start codon of HASP1 ( Fig. 2a ). The P. tricornutum genome has a relatively higher gene density than other higher eukaryotic genomes 32 . Approximately, 500-bp upstream regions of endogenous genes are sufficient for full promoter activity by strongly driving transgene expression 7, 12, 15, 19, 22, 33 . Therefore, we considered the 499-bp upstream region before the start codon of the HASP1 gene as the potential promoter. The HASP1 potential promoter contains a 5′-untranslated region, an initiator-like sequence, and potential cis-acting regulatory elements that are recognised by transcription factors such as Myb and bZIP ( Supplementary  Fig. S1 ) 24, 29, 32, [34] [35] [36] [37] [38] [39] . Using SignalP software, the 18-amino acid long signal peptide (SP) responsible for HASP1 secretion was found in the N-terminus 33 (Fig. 2b) . The nucleotide sequences of the 499-bp long HASP1 potential promoter and the putative signal peptide were obtained using the Biomart tool in EnsemblProtists 40 . The potential promoter fragment of HASP1 and the fcpA promoter were amplified by PCR and then cloned into a modified pPha-T1 vector to drive GFP expression (HASP1pro:GFP and fcpApro:GFP). The putative signal peptide of the HASP1 protein was fused in frame to the N-terminus of GFP to allow for secretion of the GFP protein into the extracellular space (HASP1pro:SP-GFP and fcpApro:SP-GFP). The GFP levels in the supernatant of P. tricornutum cultures, either with or without the putative signal peptide, were compared to assess the efficiency of GFP secretion into the culture medium. It should be noted that in order to enhance GFP expression, a minimal Kozak sequence (ACC) was placed directly before the putative signal peptide derived from the HASP1 protein.
In contrast, this Kozak sequence was not inserted into the vectors lacking the putative HASP1 signal peptide. A promoter-less vector harbouring only the GFP gene was used as a negative control ( Supplementary Fig. S2 ).
Transformation of P. tricornutum and selection of transformants. P. tricornutum cells grown to the
stationary phase were transformed with the five different constructs (fcpApro:SP-GFP, HASP1pro:SP-GFP, fcpApro:GFP, HASP1pro:GFP, and promoter-less GFP) by particle bombardment. Putative transformants were selected on f/2 agar medium containing zeocin for at least 3 to 4 weeks. Following this, the zeocin-resistant colonies were transferred to the same medium for further growth, and their zeocin resistance was reassessed and confirmed. The presence of the transgene in the genome of the putative transformants was confirmed by PCR using P. tricornutum genomic DNA as the template. More than 400 colonies were grown and selected on zeocin-containing medium; subsequently, at least 70% of the zeocin-resistant colonies were found to have the corresponding transgene in their genomes. We selected three independent transgenic lines from each construct for further analysis; PCR analysis results for each transgene are shown in Fig. 2c (Uncropped agarose gel images used to generate Fig. 2c are shown in Supplementary Fig. S4 ).
Quantification of the HASP1 promoter activity driving GFP expression. Transgenic P. tricornutum
cells were seeded at a density of 5 × 10 5 cells/mL and grown for 22 days with a periodic assessment of cell number to generate growth curves ( Fig. 3a ). From the P. tricornutum culture growth curves of all transgenic lines, it took approximately 4 and 8 days to reach the log and stationary phases, respectively. For all transgenic lines, the cell densities exceeded 1 × 10 7 cells/mL at the stationary phase. It should be noted that the transgenic lines harbouring the HASP1 promoter showed slightly slower growth than that of the other transgenic lines. Nonetheless, the data indicated that in all cases, transgene presence did not have any harmful effects on the growth rate of P. tricornutum cells. We then extracted total RNA from each transgenic cell line at both the log (day 4) and stationary phases (day 8) to compare the activity of the HASP1 promoter with that of the fcpA promoter by measuring the levels of GFP-containing transcripts by real-time RT-PCR. The levels of GFP-containing transcripts in the transgenic line expressing HASP1pro:GFP were 3 and 44-fold higher than those expressing fcpApro:GFP on day 4 and 8, respectively. When compared with the promoter-less GFP control, the levels of GFP expression driven by the HASP1 promoter increased by 35 and 764-fold on day 4 and 8, respectively (Fig. 3b ). It is well known that the fcpA promoter is primarily active during the log phase 19 . Notably, the HASP1 promoter activity was higher than that of the fcpA promoter during the same phase. In addition, with respect to the level of GFP transcripts, HASP1 promoter activity was maintained at an even higher level in the stationary phase than in the log phase. These results are consistent with expression levels of endogenous fcpA and HASP1 genes. In 8-day grown wild-type P. tricornutum cells, the level of endogenous HASP1 mRNA was approximately 40-fold higher than that of endogenous fcpA mRNA. ( Supplementary Fig. S3 ). www.nature.com/scientificreports www.nature.com/scientificreports/ We have therefore demonstrated that-compared with a previously reported promoter-the HASP1 promoter is more active in P. tricornutum 7, 11, 19, 24, [41] [42] [43] [44] [45] . Moreover, the transcriptional level of SP-GFP in the HASP1pro:SP-GFP line was 3 and 147-fold higher than that of the fcpApro:SP-GFP line on day 4 and 8, respectively. SP-GFP transcript levels driven by the HASP1 promoter were 19 and 395-fold higher than those of the promoter-less GFP control on day 4 and 8, respectively (Fig. 3b ). Although the mRNA levels of SP-GFP driven by the HASP1 promoter were slightly lower those of GFP alone driven by the HASP1 promoter, SF-GFP levels were still higher than those of the fcpA promoter in both the log and stationary phases, suggesting that the presence of the SP sequence somehow affects the steady-state level of GFP mRNA. These results suggest that the HASP1 promoter is a suitable tool for overexpressing recombinant proteins in P. tricornutum.
Relative fluorescence and GFP protein levels in the cell lysates and culture supernatants. To assess promoter activities and GFP secretion at the protein level, protein samples were prepared from both the P. tricornutum cells and culture supernatants. Subsequently, GFP fluorescence was measured using a fluorometer and GFP protein levels were examined by western blotting (Fig. 4) .
The fluorescent signal of intracellular GFP in the fcpApro:GFP transgenic line gradually increased from the lag to the log phase (day 4) but decreased from the log to the stationary phase (day 8). The intracellular GFP concentration calculated from the fluorescent signal reached a maximal level of 1 µg/mL at the log phase (Fig. 4a ). This result supports previous studies that showed that the fcpA promoter is maximally active in the log phase and less active in the stationary phase [19] [20] [21] . In contrast, the fluorescent signal of intracellular GFP in the HASP1pro:GFP transgenic line rapidly increased from the log to the early stationary phase (day 8) which was maintained at a high level throughout the stationary phase until day 22 (Fig. 4a ). The intracellular GFP concentration calculated from the fluorescent signal reached a level of 6 µg/mL at the stationary phase. Compared with the fcpA promoter, GFP protein levels driven by the HASP1 promoter were slightly lower in the log phase, but rapidly increased by 6-fold during the early stationary phase, reaching an approximate 300-fold increase by the late stationary phase (Fig. 4a) . In contrast, we could not detect GFP fluorescence in the culture supernatants of the transgenic lines expressing HASP1pro:GFP or fcpApro:GFP due to their lack of a putative signal peptide (Fig. 4b) .
To investigate the role of the putative signal peptide of HASP1 in GFP secretion, we measured the fluorescent signals of intracellular and secreted GFP from the same culture of P. tricornutum over time. The fluorescent signal from intracellular GFP in the HASP1pro:SP-GFP transgenic line was similar to that of the fcpApro:SP-GFP transgenic line during the log phase but was 3-fold higher during the stationary phase (Fig. 4a ). Secreted GFP levels in Supplementary Fig. S4 . Asterisk shows the nonspecific PCR products. M, molecular size marker.
the fcpApro:SP-GFP transgenic line increased slightly to 0.01 µg/mL at the stationary phase (Fig. 4b) . In contrast, secreted GFP levels in the HASP1pro:SP-GFP transgenic line steadily increased from the log to the stationary phases; extracellular GFP concentrations reached 0.01, 0.1, and 0.3 µg/mL at the log, early stationary, and late stationary phases, respectively. These values correspond to a 3, 8, and 19-fold increase compared with that of the fcpApro:SP-GFP transgenic line (Fig. 4b) . Moreover, secreted GFP levels under the control of the HASP1 promoter were comparable to those secreted with the gametolysin signal sequence reported previously in C. reinhardtii 25 .
To confirm the GFP fluorescence results obtained by the fluorometer, we also performed western blot analysis of cell lysates and culture supernatants over the same time course. With the exception of day 1, protein levels of both intracellular and secreted GFP in the cell lysates and culture supernatants were consistent with the fluorescent signals seen for intracellular and secreted GFP. On day 1, the protein levels of both intracellular GFP and SP-GFP were abnormally high. It should be noted that GFP fluorescence measurements were made with protein samples prepared from the same culture volumes (200 µL), whereas for western blotting, the protein levels of GFP and SP-GFP were determined using the same amount of total soluble protein (10 µg). Intracellular GFP was detected at high levels in all transgenic lines expressing fcpApro:GFP, fcpApro:SP-GFP, HASP1pro:GFP, and HASP1pro:SP-GFP except for the promoter-less GFP control ( Fig. 4c ; uncropped Western blot images used to generate Fig. 4c are shown in Supplementary Fig. S4 ). Protein levels of intracellular GFP driven by the fcpA promoter were the highest at the log phase, whereas those by the HASP1 promoter were the highest at the late stationary phase. In contrast to the intracellular GFP levels, extracellular GFP secreted from the P. tricornutum cells could only be detected in the HASP1pro:SP-GFP transgenic line ( Fig. 4d ; uncropped Western blot images used to generate Fig. 4d are shown in Supplementary Fig. S4 ). This result is inconsistent with the GFP fluorescence measurements, likely due to differences in detection limits between a fluorometer and western blotting.
Overall, these data demonstrate that the HASP1 promoter is much stronger than the fcpA promoter, especially during the stationary phase, and that the signal peptide derived from the HASP1 protein is sufficient to facilitate efficient GFP secretion. There have been several studies that tested endogenous and exogenous promoter ability in driving the expression of heterologous genes in P. tricornutum 7, 15, 19, 41, [44] [45] [46] . Compared to previously reported promoters, our data provide several lines of evidence that both the promoter and signal peptide of the HASP1 gene can be powerful tools for the efficient expression and secretion of heterologous recombinant proteins throughout all growth phases of a P. tricornutum culture.
Subcellular localisation of GFP with or without the signal peptide of the HASP1 protein.
To observe the subcellular localisation of GFP with or without the HASP1 signal peptide, GFP fluorescence (green) and chlorophyll autofluorescence (red) in all transgenic lines were visualised by confocal laser scanning microscopy. The transgenic line carrying the promoter-less GFP was analysed in parallel as a control (Fig. 5a ). GFP www.nature.com/scientificreports www.nature.com/scientificreports/ fluorescence in the fcpApro:GFP transgenic line was diffusely localised throughout the cytoplasm at both the log and early stationary phase but suddenly decreased at the late stationary phase (Fig. 5b) . In contrast, GFP fluorescence in the HASP1pro:GFP transgenic line strongly increased throughout the entire cytoplasm from the lag to the early stationary phase and was maintained at high levels during the stationary phase (Fig. 5c ). Interestingly, the signal peptide of HASP1 protein caused considerable changes in the subcellular localisation of GFP during all growth phases. GFP fluorescence in the fcpApro:SP-GFP lines during all growth phases was weakly localised near the chloroplast compartment, such as in the chloroplast endoplasmic reticulum 41, 47, 48 and a blob-like structure found between the two plastid lobes 47, 49, 50 (Fig. 5d) . Similarly, GFP fluorescence in the HASP1pro:SP-GFP lines was weakly localised near the chloroplast compartment in both the lag and log phase. However, GFP fluorescence in the HASP1pro:SP-GFP lines rapidly increased from the log to the early stationary phase (day 8), and was maintained at a high level throughout the stationary phase until day 22 (Fig. 5e ). This finding suggests that the HASP1 signal peptide leads to GFP entry into the secretory pathway. Thus far, the pathways utilized for protein secretion in P. tricornutum remain mostly unknown. Therefore, elucidating the pathways by which proteins are secreted in P. tricornutum would be an interesting research direction.
Conclusions
The HASP1 protein is the most abundant protein secreted into the culture medium of P. tricornutum. Compared with the fcpA promoter, the HASP1 promoter strongly drives GFP expression during all growth phases, especially during the stationary phase. The HASP1 signal peptide also efficiently facilitates GFP secretion into the culture medium. The endogenous HASP1 promoter as a novel strong promoter can therefore be an alternative to the commonly used fcpA promoter. Overall, the combination of the HASP1 gene promoter and signal peptide demonstrated great potential for improving the production of secreted recombinant proteins by P. tricornutum.
Materials and Methods
Cell culture and cell density measurement. The P. tricornutum Bohlin UTEX 646 strain was obtained from the UTEX Culture Collection of Algae (The University of Texas at Austin, TX, USA). The strain was grown in 200 mL of f/2 medium 51 . Fifty percent artificial seawater, prepared with Royal Nature Advanced Pro Formula Salt (Royal Nature, Nesher, Israel) and f/2 medium, was autoclaved before addition into the final medium. The vitamin and metal solutions were added after autoclaving. A mixture of antibiotics containing 50 µg/mL ampicillin, 10 µg/mL kanamycin, and 50 µg/mL streptomycin was added to the liquid medium and agar plates to suppress bacterial contamination. Cultures were incubated at 20 °C with shaking at 200 rpm, constant aeration, and continuous lighting from a cool white fluorescent lamp (1600 lux). Cell density measurements at each sampling point were made by measuring the optical density of 200 µL cell culture at 530, 670, and 730 nm (Multi-Detection Microplate Reader Synergy HT; Biotek, Winooski, VT, USA). Supplementary Fig. S4. www.nature.com/scientificreports www.nature.com/scientificreports/ Preparation of secreted proteins from the P. tricornutum culture in the stationary phase. To profile the proteins secreted by P. tricornutum, cultures were grown to a density of 1 × 10 7 cells/mL as described above, and the culture was centrifuged at 3500 rpm for 15 min at 4 °C to pellet the cells. Supernatants were filtered through a 0.2-μm vacuum filter system (Corning Inc., Corning, NY, USA) and concentrated using centrifugal filter devices (Vivaspin 20 and 500; Satorius, Goettingen, Germany) with 5 and 10 kDa cutoff membranes according to manufacturer's instructions. Protein concentrations were determined by the Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA). Samples were prepared from three independent experiments.
SDS-PAGE and in-gel digestion.
Protein samples (30 μg) were resolved by electrophoresis on 12% SDS-PAGE gels and visualised by Coomassie blue staining. Abundant proteins were excised from the gels and subjected to in-gel digestion 52 .
LC−MS/MS analysis and protein identification through a database search. LC-MS/MS analysis
and protein identification were performed as previously described 19 .
Construction of plasmid vectors. The pPha-T1 expression vector was used as a backbone for all constructs 30 . The fcpA promoter fragment harbouring NdeI/EcoRI restriction sites 30 and the potential promoter fragment of HASP1 (Fig. 2) were amplified by PCR from the pPha-T1 vector and P. tricornutum genomic DNA, respectively. The GFP gene was amplified from a pEGFP-C2 vector with three different restriction enzyme combinations (NheI/BamHI, EcoRI/BamHI, and NdeI/BamHI), which were later used to construct the five different expression vectors. Next, the sequence encoding the putative signal peptide of the HASP1 protein (Fig. 2) was cloned into the constructs using a long primer harbouring EcoRI/NheI restriction sites, the Kozak sequence, the putative signal peptide sequence, and the 5′ end of GFP. The promoter-less pPha-T1 vector, harbouring only GFP, was used as a negative control. All ligation reactions were performed using a DNA ligation kit (6023; Takara Bio, Kusatsu, Japan). All constructs were verified by sequencing. All primers used in vector construction are listed in Supplementary Table S1 . Transformation of P. tricornutum by particle bombardment. The activation of 0.6-μm microcarriers/nanogold particles (9204298; Bio-Rad Laboratories) and DNA coating of microcarriers were performed according to manufacturer's instructions for the Biolistic ® PDS-1000/He Particle Delivery System (165-2257;
Bio-Rad Laboratories). P. tricornutum cells cultivated in 2 L of f/2 medium for 7 days at 20 °C under continuous white fluorescent light (40 μmol·m −2 ·s −1 ) were centrifuged at 3500 rpm for 5 min at 15 °C and then plated on the central third of the f/2 agar plates, which also contained mixed antibiotics. Transformation of the P. tricornutum cells was conducted as previously described 19 . 
